/1 Abstract

The engineering of biological systems with predictable behavior is a challenging problem. One reason
for this difficulty is that engineered biological systems are embedded within complex and variable host
cells. To help enable the future engineering of biological systems, we are studying and optimizing the
interface between an engineered biological system and its host cell or “chassis”. Other engineering
disciplines use modularity to make interacting systems interchangeable and to insulate one system
from another. Engineered biological systems are more likely to work as predicted if system function is
decoupled from the state of the host cell. Also, specifying and standardizing the interfaces between a
system and the chassis will allow systems to be engineered independent of chassis and allow systems
to be interchanged between different chassis. To this end, we are building dedicated transcription
and translation systems, independent from the equivalent host cell systems. In parallel, we are de-
veloping test systems and metrics to measure the interactions between an engineered system and its
chassis. Lastly, we are exploring methods to “port” a simple engineered system from a prokaryotic to
a eukaryotic organism so that the system can function in both organisms.
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2 Introduction - engineering biological systems: past and future

It is becoming possible to engineer simple multi-component systems in living organisms based on tran-
scriptional logic [Elowitz 2000; Gardner 2000; Hooshangi 2005]. While today's engineered biological
systems hint at a future ability to design and build complex systems with many components, the engi-
neering of functional systems is still difficult and time consuming, more akin to art than engineering.

Furthermore, current engineered systems are highly sensitive to host physiology and environmental
conditions [Elowitz 2002; Rosenfeld 2005].

The future engineering of biological systems will be greatly facilitated by adopting some of the con-
cepts that have proved useful in other engineering disciplines. Central among these concepts are the
ideas of standardization of components (e.g. http://parts.mit.edu) and abstraction, which lead to the
concept of modularity. Currently, engineered biological systems are dependent on natural host cells.
Constructing modular systems is made difficult by the complexity of the host cells and the numerous
interactions between the host cell and the engineered system. The development of engineered sys-
tems would be accelerated if system engineers did not have to consider all the details of the host cell.
Modularization can be achieved by making the interactions between the engineered system and the
host cell simpler and standardized.

3 The chassis/system interface

Engineered biological systems typically rely on the host cell for the processes of replication, transcrip-
tion, translation and degradation and the requisite energy and materials to power those processes. In
this way, the cell acts as a power supply and chassis that insulates and drives the system [Knight,
T.F. Jr., personal communication].

Demands

Cellular Chassis

Figure 1 - Just as the power supply and chassis of an automobile support the driver and the accessory systems, so the cell supports an

engineered biological system.
Useful characteristics of a chassis/system interface

e Perturbations in the environment or the chassis should not be transmitted to the system.
e Changes in the function of the system should not affect the function of the chassis.

e The system and the chassis should share different resource pools.

e A standard chassis/system interface will allow interchangeability of systems and chassis.

e The chassis/system interface should be simple to improve predictability of system function.
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4 Two approaches to interface design

Chassis/System Interface

Which Path?

Isolate System From Chassis Integrate System and Chassis

e Improved portability and modularity of systems| e Systems are neither portable nor modular

e Resource use may be more efficient as it is
shared with the chassis

e Possibly inefficient use of chassis resources

e Can largely ignore chassis systems

e May not be possible to isolate system from| ©® annotignore chassis systems

worst sources of chassis variation e May require re-engineering of chassis systems

if performance is not adequate

e The two approaches are not mutually exclusive and are in fact complementary.

e T he systems that must be quantified in one approach must be built in the other.

e T he integrated approach provides benchmark data on what isolated system components must be
capable of.

Engineering the Interface Between Cellular Chassis and Integrated Biological Systems
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5 Dedicated systems

e Transcription and translation systems that are dedicated to an engineered system can be used to
separate the demands of the system and the chassis.

e Dedicated systems can be used as a standard interface between systems and chassis.

DNA RNA Protein

Figure 2 - Dedicated systems can be used to separate the gene expression process of an engineered system from that of the cellular chassis.
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6 A biological virtual machine

e A software virtual machine allows an application to function as expected regardless of the computer
architecture running the virtual machine.

e A biological virtual machine allows an engineered biological system to function as expected regard-
less of the cellular chassis running the virtual machine.
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Figure 3 - Two early versions of a virtual machine.
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7 VM1.0 preliminary results
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Figure 4 - High levels of GFP expression are only seen when the reporter gene is transcribed (T7 polymerase is induced by IPTG) and when

GFP mRNA are translated (dedicated ribosomes are induced by arabinose).
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8 Measuring chassis response

e Can we measure the demand a system places on a chassis and the response of the chassis?

e How does a cellular chassis respond to an applied demand for machinery, materials or energy?

e Can this demand be specified quantitatively?

e Can we predict a priori what the demand placed by a system on the cellular chassis is?

Chassis Test Systems
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Figure 5 - Methods to place a demand that can be specified on a cellular chassis.

How does a chassis respond to a demand?
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10 Chassis and system data sheets

MG1655
E. coli K strain _—m_::

Bulkar{a|: Barry Carton [BeanionfDimid.edu]

Lassd Lipdale; May 10, 2005

Description

MG 1655 was the first sequenced K strain of £ coif and is closely related 1o wild type £, cofi. |thas
redatively simple nutritional requiremanis and a mimmum doubling time of 20mins. The physiclogy of
MG1655 Is wall understood and a wide range of technlgues axlst to engineer |t inlo mone advanced chassis
for engineered systems

Usage
When growing in Neldhardt rich defined media, MG1655 has been shown 1o be able to supply a wide range
of enginearad systems. [z optimal growth lemperatuna is 3790 bul i grow al lemparatures batwean 4°9C

and 42°C

Supply Characteristics Key Machinery

Transcrplian capaciy: # RNAP ma:x. Reaplication: wi E. coli DNA polymarasas
Transfation capaciy; # Ribosomes max Transcriphon: wt E. coli RNAP

Profein degradation capacity: # AAmin max, Transtation, wl E colf REbosomes
Replication capacily: # base pairs of plasmid DNA Degradation: wi E. coll proteases
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Growth Parameters Stability

Min. Diowlting Time: & mins
Max, Densthy:  # cfu/ml in LB

Ganatig; > # mutations per doubling
Flasmig. = # doublings before 505 loss of pSB1AZ

Compatibility

Chassis has been shown fo grow in LB, MS minimal media, Neidfraragl rich gefined media
Chassis |s compalible with plasmids pSEIK3, pSB4A3, pSB2KS, and pSE1AL.

Chassis has bean shown o grow in chemosial, balch culture, microscope slide.
Systems including Boa RO052 have been shown to be toxic to MG 1655

Registry of Standard Biological Parts \ .ﬂ

making {ife better, one part at a fimea \‘

BBa_F2620
30C;HSL — PoPS Receiver -y "‘

Authar{e]. Barry Carmon [oean|on fmi. edu) Last Updata) May 10, 2005

Description

A trenscription factor [LuxR] that is active in the presence of cell-cell signaling mofecule [30C,H5L] is
contralled by an operator [TetR], Dewvice inpuf is 30C HSEL, Devics oufput is PoP'S produced at a LuxR-
regulated oparator,

Usage
Full FoPS output &t high 30C,HSL levets and high piasmid copy [e.g., pSE1AZ] results in & reduced ol
growth rate (see Load section), If used in a cell containing TelR then a second input signal [aTc) can be W
uged to produce a logical AND function. aQ
L
Characteristics Key Components Y
ol Swing. ## nM 300 HSL, exogenous BBa_ R040:  TetR-reguiated operator Q
Oulput Swing:  #-8 PoPs BHa COOG2  luxR ORF 0
Switch Poinf;, 2 nM 30C_HSL, exogenous BB RO062; LuxR-regulatsd cparator .
LH Latency # seconds 0O
HL Latency: i GecOnds 0
Transfer Function Latency
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Load Stability
NTPGectopy, # NTP per second Genalic; > # replication events®
AASsacicopy.  # AA per second Operational; > #f replication events™
Compatibility
Device has been shown (o work in MCL100, MGTE5S, and DH-5a
Device has been shown o with on pSE3KT and pSETAZ
Dewvica has bean shown to work with EO430 and E0434.
Crosstalk with input molecular simiar to 300, HSL
Crosstalk with systems containing TefR
REQiEIF’f of Standard Binlugical Parts \t
making ife better, ons part af a fimea
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